The installation phase for a topside module suggested can be divided into 9 stages, which include start, pre-lifting, lifting, lifted, rotating, positioning, lowering, mating, and end 
Introduction
Using a lift crane vessel is the most common installation method for offshore floating structures and is assumed in this study. The mass-transfer force and the wave drift force induced large horizontal relative motions between barge and crane vessel can be significant for the lifting procedure. But the horizontal motions of floating bodies are restricted with mooring line in the whole procedure and maneuvering to the spar can be simply described as that the structure is lifted from the transportation barge by a lift crane and lowered to the target position in vertical and rotational aspects.
The heavy lift operation by means of a crane vessel consists of three distinct systems: the crane vessel, the lifting slings and the structure being lifted away from the transport barge. The loads experienced by the crane vessel are the hook load, and the various wave-induced loads. The hook load consists of the weight of the deck structure, the weight of the rigging, external wind forces and dynamic loads caused by the dynamic motions of the crane vessel and transportation barge (Choo, et al. 1993 ). The loads experienced by the transportation barge are wave-induced loads, the loss of structure weight by the lifting, and an impact load if the vertical motion of the barge relative to the deck structure is greater than the transient air gap between them (Cveticanin, 1995; Schellin, et al. 1993) .
In order to carry out a dynamic lift analysis in the time domain, the following information needs to be examined: a) External forces induced by waves b) Internal forces arisen from the mass of the lifted structure and the lifting velocity c) Motion responses of the crane vessel and the barge for lifting due to the various external and internal forces.
In the present investigation, the lifting operations for a topside module by means of a crane vessel are examined.
The assumed 6000 tonne topside module is carried by the flat top barge S44, and is lifted by the crane vessel specified in Section 3.
The hydrodynamic analysis of two floating structures is accomplished by using of a diffraction theory based program MBMOTION3D (Chan 2003) . The interacting coupled body hydrodynamics are separately considered for the lifting operation of the crane vessel and barge S44. Each of the two floating structures (the crane vessel and barge S44) has potentially six degrees of freedom but the topside module has three degrees of freedom. Therefore, theoretically a total of 15 degrees of freedom can be considered for the lifting operations. In the present investigation however, lateral motion is assumed to be small and is thus not considered because the floating structure is assumed to be constrained by mooring lines. During the lifting, crane induced motions are most interesting part of this research so the pitch and heave motions of crane vessel and the heave motion of the barge are examined in time domain results. The topside module is hooked with sling through the crane and this sling is assumed as rigid i.e. no elasticity. Longcrested irregular waves with seven different heading directions are considered in order to check directional wave effects.
The installation phase is divided into 9 stages: start, pre-J o n g H y u n L e e lifting, lifting, lifted, rotating, positioning, lowering, mating and end of installation. However after the lifting stage is over, rotating to the spar at -90 deg and mating stages are not included in the present study.
Equations of Motion

Governing Equation
The equations of motions of two hydrodynamically interacting bodies (i.e. either the crane vessel with the barge S44 or the crane vessel with the installed spar), and the topside module can be written as: The added mass at infinity frequency and the retardation functions can be obtained by means of sine Fourier transform of frequency dependent added mass and Fourier transform of damping coefficients (Oortmerssen and Pinkster, 1976) respectively as:
where   is an arbitrarily chosen value of frequency . 
Forces
The applied forces are classified into external and internal forces. The external force is the excitation force        induced by the irregular waves while the internal force
is derived from the effect of lifting motions. Both internal and external forces are mainly used for the equations of coupled bodies motion given by Eq. (1) for lifting events.
After first investigations of the motions, impact forces can be calculated from the converted relative motion results. The impact forces should be treated as local event forces that occur at a specific time.
External forces
When a body    is subject to irregular long-crested waves of elevation , at the origin of the space-fixed system, is given by:
where ai is the amplitude component at wave frequency   and   is the random phase, and N is the number of components. The body    may experience the following wave exciting force:
in which fi and a are respectively the amplitudes of wave excitation force and the phase of the wave exciting force component. The wave amplitude component for a given wave spectrum S(wi) is given by:
where ∆ is a constant difference between two successive frequencies.
In the present study, the Pierson-Moskowitz, P-M, spectrum, given by Eq. (7) for a fully developed sea, is used for the installation site of the topside module in the Gulf of Mexico.
where w0 is the modal frequency and is related to the significant wave height Hs by w0=0.161 g/Hs.
Since the installation operations will be conducted in a very mild sea condition, a 1.52 m significant wave height with a zerocrossing period of 6 sec is assumed in the present investigation.
Internal forces
The source of internal forces on the crane vessel in the lifting phase is mainly from the lifting action on the topside module and due to water ballast pumped into the ballast tanks of the vessel. When the lifting is started by winding the crane winch, the weight of the topside module is gradually transferred to the lifting cables at a typical rate of 1185 ton/sec. Furthermore, the water ballast being pumped into the vessel generates a tilting moment MB which in turn produces a lifting force equal to MB/ddeck where ddeck is the distance from the centre of gravity of the crane vessel to the lifting point on the topside module. Hence, the total lifting force acting on crane vessel:        shown in Fig. 1 is:
where rw and rmax are the applied winch power and its maximum value respectively and υlif is the lifting velocity.
The maximum lifting velocity is assumed to be 0.197 m/s in the present investigation.
Fig. 1 Force diagram of lifting procedure
It is assumed that there are four ballast tanks whose capacity is 6000 tonnes each and that the operating rate of ballast pump rB is 6.7 tonnes/sec. The distance dB between the combined centre of gravity of the tanks, each being loaded equally and simultaneously, and the C.O.G of the crane vessel is taken as 74.9 m. The ballast trim moment   is shown in Eq. (9):
The module will not be lifted off the barge until the force Thus, as shown in Fig. 1 , we have:
Numerical Computations
Numerical Modeling
Prior to the time-domain dynamic lift analysis, a multi-body diffraction analysis in the frequency domain was carried out for the crane vessel together with barge S44. The crane vessel with 1172 panels, and barge S44 with 810 panels as shown in Fig. 2 . Clearly, undertaking lifting operations in waves is of great interest. Figure 3 shows the time series of the assumed wave profile for irregular waves of 1.52 m significant wave height. 
Numerical Results
The lifting operation starts with winding the winch and 
